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INTRODUCTION
Paraquat has been used effectively as a herbicide for over two decades . Its widespread use has, in some instances, resulted in the inadvertent exposure of animals and man to toxic levels of the compound. Fatalities from accidental ingestion of paraquat have stimulated studies to elucidate its mechanism of action in hopes of affecting a cure. Exposure to the drug causes a rapid increase in lung collagen which leads to respiratory distress. Paraquat, in large concentrations, induces rapid pulmonary fibrosis and edema.') Toxicity of lung tissue is es pecially high as a result of the preferential concentration of paraquat in the lungs.') In addi tion, high concentrations of oxygen in the lungs potentiate the effects of paraquat compared to damage to the kidneys and liver. 3) Paraquat's mechanism of action is thought to involve the production of superoxide free radicals (02) during drug-reduction by microsomes (Fig. 1) .4-') These toxic products react with DNA moieties interfere with cell function and result in cell killing even at low drug con centrations. In addition, cellular glutathione (GSH) concentrations are reduced in the presence of paraquat.3) Gibson et al. 3) have shown that when paraquat undergoes reduction-oxidation , the subsequent reduciton of oxygen to 02 stimulates lipid peroxidation and the resulting lipid hydroperoxides are reduced and detoxified by the oxidation of GSH.
Ionizing radiation produces oxygen radicals during its interaction with biological material. Cellular mechanisms to reduce the damage caused by radiation appear to be the same systems that respond to paraquat exposure. This study was designed to examine the modulation of radiation damage to cells by paraquat.
MATERIALS AND METHODS
Cell culture and experimental procedure:
Hamster lung V79 fibroblast cells were used in these experiments. Exponentially growing stock cell cultures were maintained in Minimum Essential Medium (MEM), supplemented with 10% heat-inactivated fetal bovine serum. Prior to experimental use, cells in log phase growth were trypsinized, counted and suspended at appropriate concentrations in MEM. One-half ml of the cell suspension was placed into bacterial culture dishes (non-adherent to mammalian cells) to which was added one-half ml of medium alone or medium containing paraquat. Cells to be exposed to X-rays and paraquat were irradiated followed immediately by exposure to the drug for 2 hours. Cells designated to receive paraquat before X-rays were incubated at 37°C in a humidified CO2 injector incubator for the two hours prior to irradiation. Control cells were incubated similarly but were not exposed to paraquat or X-rays. Paraquat removal was accomplished by serial dilution during cell plating into culture dishes. Appropriate dilu tions of cell numbers were made so that, after plating and treatment, effects between 50 and 200 distinct macroscopic colonies could be counted at the termination of the 7 day incubation period. At the end of the 7 days, cells were fixed in formalin and stained with Giemsa. Plating efficiencies (PE) for controls were determined by counting the observed number of colonies and dividing by the number of cells originally plated. Plating efficiencies ranged from 0.9 to 1.0. Surviving fractions (SF) were calculated by the following: SF = Observed colonies C ells plated x PE X-irradiated cells, in suspension, were irradiated at room temperature with X-rays from a Softex X-ray machine operating at 40 kVp and 5 mA with 0.2 mmAl external filtration. The dose rate was calculated to be 7.70 Gy/min. Control cells and cells exposed to paraquat alone were subjected to conditions identical to the cells exposed to X-rays For population growth studies, controls and drug treated cell populations were examined over a period of 12 days after various exposure times and drug concentrations. After drug treatment, cells were plated and incubated for up to 12 days to determine drug-induced in hibition of growth.
CHEMICALS
Paraquat, (1-l' dimethyl-4,4'-dipyridilium dichloride) also known as methyl viologen was supplied by Sigma, St. Louis, Mo., U.S.A. Paraquat was readily soluble in culture medium. Fig. 1 . Schematic of the chemical structure of stable paraquat (PQ'), and its oxygen sensitive form (PQ*). Also shown is the production of oxygen radicals (02) from the interaction of paraquat and oxygen. 
RESULTS
The growth inhibiting effects to cells exposed to paraquat for various times and concentra tions are shown in Fig. 2 . Panel A of Fig. 2 illustrates the effects to cells after a 0.5 hr exposure to 0, 1.0, 1.5 or 2.0 mM of drug. It is apparent that the inhibitory effects to cells of paraquat are concentration dependent. Comparison of the results shown in all four panels show that the drug effects to cells are also exposure time dependent.
It can be seen from Fig. 3 that the same exposure time and concentration dependence occurs when cell killing is measured after drug exposure. At all exposure times, the amount of cell killing at low concentrations (0 to 0.5 mM) is minimal, but depending on the exposure time, a precipitous decline in cell survival occurs with higher drug concentrations. The results of X-irradiation to cells either alone or after a 2 hr exposure to paraquat is shown in Fig. 4 . This figure shows the attributable effects of radiation to cells after exposure to paraquat. The data points were obtained by subtracting the cell killing effects of paraquat from that of the combination of radiation and paraquat. An increasing enhancement of the killing effects of radiation can be seen with increasing drug concentration. Whereas cells exposed to 0.25 mM of paraquat show little effects, higher concentrations show significant enhancement of cell killing.
The radiosensitization of cells to X-rays either before or at the end of a two hour exposure to 1 mM paraquat is shown in Fig. 5 . The reciprocal of the slope, Do (the dose necessary to reduce survival on the straight portion of the survival curve to 37%) and n values (number of independent critical targets that must be hit per cell to produce an effect) of cells exposed to radiation alone or radiation followed by paraquat, were similar. However, if cells were irra diated towards the end of a 2-hour exposure to paraquat, the initial portion, or shoulder, of the survival curve was reduced. The Do for this treatment, 1.4 Gy, was only slightly changed from the Do of 2.0 Gy of cells treated with X-rays alone. However, at the 0.1 survival level, the enhancement ratio (ER) for cells pretreated with paraquat was 1.6. In addition to the reduction of the shoulder of the dose-effect curve, the extrapolation number, n, dropped slightly from 2.8 to 2.0. exposure to 1 mM of paraquat for 2 hours. Cells were exposed to X-rays alone (•); paraquat then X-rays at the end of the 2 hour exposure (A), or irradiation followed by paraquat (•).
The toxic effects of the 2 hour exposure to 1 mM paraquat before or after irradiation is mathematically eliminated from the presented results to facilitate comparisons.
DISCUSSION
Exposure of animals and man to paraquat shows that the drug is extremely toxic.'' 2) The response to drug exposure varies from organ to organ with the lungs being the most sensitive organ. Pulmonary fibrosis develops as a result of damage caused by paraquat induced oxygen radicals. Cellular quantities of glutathione are consumed in response to cell protective meas ures.
3) The effects of paraquat exposure as seen in Figs. 2 and 3 show that drug toxicity is both exposure time and concentration dependent. Additionally, cells exposed to various concentra tions of drug for 2 hours prior to X-irradiation showed an increased sensitivity to radiation by reducing the shoulder of the dose survival curve. The increase in radiosensitivity of cells ex posed to paraquat prior to irradiation may be the result of paraquat-induced GSH depletion. Indeed, the fact that cell irradiation before exposure to paraquat showed no radiosensitivity enhancement suggests that GSH depletion may be the mechanism by which cells are made more sensitive to irradition. Recently Geard et al.") exposed mouse C3H/1OT1/2 cells to low concentrations of para quat for 24 hrs. With paraquat treatment that reduced cell survival to 30%0, they found that cell killing by 137Cs y-rays was enhanced when the combination of drug and irradiation was em ployed. Additionally, they reported that paraquat in combination with radiation increased sister chromatid exchanges in an additive manner but produced a greater than additive effect with oncogenic transformation. Understanding of the combined effects of cells to ionizing radiation and chemicals is im portant to both radiotherapists and radiobiologists. Modulation of the radiosensitivity of cells exposed to chemicals is currently under active investigation in research laboratories8-11) and the clinic. 12, 13) Although paraquat has the potential to cause diffuse pulmonary fibrosis, its special affinity to lung tissue may prove useful as an adjunct to radiotherapy. 2) Radio-activation of oxygen, which produces highly reactive 02 makes aerobic cells up to three times as sensitive as anoxic cells to sparsely ionizing radiation. Pretreatment of aerobic cells with paraquat further sensitizes them to radiation. A substantial reduction of the shoulder of the dose-response curve for cells exposed to paraquat before irradiation indicates a loss of protection of critical radiation sensitive targets.
